The scattering of electrons in image-potential states by Cu adatoms on Cu(001) surfaces has been investigated by means of time-and angle-resolved two-photon photoemission. Several interband and intraband-scattering mechanisms have been identified and their contributions to the total decay of the states determined quantitatively. The adsorbates mainly cause quasielastic scattering processes. Inelastic processes in contrast are due to interactions with electrons in the substrate and are not significantly increased by Cu adatoms. Quasielastic scattering into bulk bands contributes significantly to the depopulation of surface states.
The scattering of electrons in image-potential states by Cu adatoms on Cu(001) surfaces has been investigated by means of time-and angle-resolved two-photon photoemission. Several interband and intraband-scattering mechanisms have been identified and their contributions to the total decay of the states determined quantitatively. The adsorbates mainly cause quasielastic scattering processes. Inelastic processes in contrast are due to interactions with electrons in the substrate and are not significantly increased by Cu adatoms. Quasielastic scattering into bulk bands contributes significantly to the depopulation of surface states. DOI Photoinduced surface reactions are driven by the coupling of excited electrons to adsorbate states. Detailed and quantitative knowledge of hot electron dynamics is therefore a prerequisite to understand and control electronic excitations and charge transfer in surface photochemistry [1] . On a femtosecond time scale excited electrons lose energy by inelastic interaction with the underlying electron system of the surface and bulk [2] . Real surfaces exhibit in addition relaxation centers such as defects, reactants, or transient reaction products. The defect-induced potentials uniquely influence the scattering of electrons at the surface. Probing this dynamics by time-resolved photoelectron spectroscopy [3] yields profound insight into the nature of the scattering centers.
The simplest model system is a single electron in front of a metal surface. The negative charge is screened by the bulk electrons like a positive image charge. If in addition a band gap prohibits penetration of the electron into the bulk, a Rydberglike series of surface states is formed [4] . By the image potential the electrons are confined several Angstroms in front of the surface but can move freely in lateral direction. This leads to parabolic electron bands illustrated in Fig. 1 for the surface-projected band structure of Cu(001). The lifetimes of the n 1 and 2 image-potential states are in the femtosecond range and for the clean Cu(001) surface dominated by inelastic scattering to bulk states (e.g., scattering rate ÿ 1b in Fig. 1 ) [5] . From the absence of a temperature dependence it is known that coupling to phonons is negligible [6, 7] . For higher energies scattering between (ÿ 21 ) and within (ÿ 11 ) image-potential bands contributes to the total decay rate ÿ tot [5, 8] .
Two-photon photoemission (2PPE) [9] is a wellestablished pump-probe method to study the dynamics of surface states [3, 7] . A first laser pulse (3h in Fig. 1 ) excites an electron into an image-potential state. Its population dynamics is then probed by a second timedelayed pulse (h) which lifts the electron above the vacuum level E v where energy and momentum parallel to the surface k k are accessed by photoelectron spectroscopy. The various inelastic (ÿ nm ) and (quasi-)elastic ( nm ) scattering processes from band n to m can be identified by the loss of population in band n (probed by left arrow h in Fig. 1 ) as well as the population buildup in band m (right arrow h) as a function of pump-probe delay. The latter process was used to identify resonant, elastic interband scattering ( 21 ) [6] which was found to be quite efficient for stepped surfaces [10] .
In this Letter we address scattering of electrons in image-potential states provoked by Cu adatoms on the Cu(001) surface. An increase of the scattering rates with defect density was already observed in a previous study [11] . However, the individual elastic scattering channels into the bulk (scattering rate 1b ), into other ( 21 ) or within ( 11 ) bands could not be identified. By variation of the adatom density we discriminate these different decay and scattering mechanisms and moreover quantify their individual contribution to the overall electron dynamics. Well-defined densities of point defects were prepared by deposition of 0.1-3% monolayer (ML) of Cu on the Cu(001) surface via evaporation. The coverage was controlled by a quartz microbalance and the sample work function change [7] . During preparation and experiment the sample was kept at 90 K. At this temperature the thermal mobility of the Cu adatoms is negligible and they are statistically distributed on the surface [12] . Ultraviolet pump (3h 4:62 eV; 65 fs) and infrared probe pulses (h 1:54 eV, 38 fs) were generated by a Ti:sapphire oscillator and a frequency tripler [7] . The pump photon energy allowed us to populate states up to the vacuum level. Electrons are detected by a hemispherical energy analyzer with an energy and angular resolution of <30 meV and 0:7 , respectively. All energies refer to the bottom of the n 1 band at E 1 E v ÿ 600 meV. Figure 2 compares time-resolved 2PPE measurements of the n 1 and 2 states for clean Cu(001) and for 1% ML Cu coverage. Spectra were recorded at the band bottom (k k 0) and for an energy E 1 443 meV (k k 0:3 A ÿ1 ) slightly above the bottom of the n 2 band. For the clean surface the initial population at the n 1 and 2 band bottom decays with lifetimes of about 40 and 150 fs, respectively. The n 1 traces show in addition a clear biexponential decay. The longer living component has a slope similar to the n 2 state. This is the signature for inelastic (ÿ 21 ) or resonant ( 21 ) interband scattering: For long delay times electrons scattered from the n 2 to the n 1 band dominate the n 1 population [6, 13] .
For higher energies in the n 1 band the lifetimes are shorter than at the bottom (cf. Fig. 2) . The respective decay rates [14] are shown in Fig. 3 for the clean surface and for 1% ML Cu coverage. The approximately linear increase of decay rate with energy arises from both inelastic intraband-scattering (ÿ 11 ) and inelastic scattering (ÿ 1b ) into the bulk due to the growing number of possible final states in the n 1 band and bulk bands, respectively [6, 8] . The inelastic intraband-scattering rate ÿ 11 contributes therefore to the slope dÿ tot 1 =dE. The fact that the slope does not depend on the Cu coverage demonstrates that inelastic intraband scattering is not much influenced by the adatoms. In contrast the intercept ÿ tot 1 E 1 increases significantly with adatom coverage [7] .
The inset of Fig. 3 shows the total decay rates along the n 2 band for the Cu surface with no (open squares) and 1% ML Cu adatoms (filled squares) on an enlarged scale. For the surface with adatoms the decay rate determined for the scattered component measured at the n 1 band (crosses) agrees for each energy within the experimental accuracy with the data obtained for the n 2 band (filled squares). Hence, the electrons scattered into the n 1 band originate from the n 2 band at the same energy: Electrons are scattered elastically from the n 2 to the n 1 band at all energies. This is in contrast to the situation at stepped surfaces, where resonant interband scattering occurs only at energies close to the band bottom [10] .
For a quantitative analysis of the time-resolved measurements the interband-scattering processes are modeled within the Liouville -von Neumann formalism for a fourlevel system [13] . Results are shown by the solid lines in Fig. 2 . The corresponding interband-scattering rates for surfaces without and with 1% ML Cu adatoms are shown in Fig. 4 . At all energies along the n 1 band scattering contributions from the n 2 band are observed. Up to the energy of the bottom of the n 2 band E 2 E 1 400 meV the rates are nearly independent of the adatom density. Above E 2 the rates are significantly higher for the covered than for the clean surface. This points to two different scattering mechanisms contributing to the n 1 population: below the n 2 band bottom only The lower two traces are measured at the bottom of the n 1 and 2 bands. The data at the top are obtained on the n 1 band at an energy slightly above E 2 . Solid lines indicate fits within the Liouville-von-Neumann formalism [13] . Long tics on the ordinate axis indicate decades. inelastic interband scattering (ÿ 21 in Fig. 1 ) occurs while above resonant, elastic interband scattering ( 21 ) dominates. As proof the difference between the n 2 decay rates for the Cu(001) surface with 1% ML Cu and without adatoms from the inset of Fig. 3 is plotted as solid line in Fig. 4 . There is excellent agreement with the directly determined interband-scattering rates except close to the band bottom. Hence, the increase of the decay rate induced by Cu adatoms is mainly due to elastic interband scattering; electrons scattered from the n 2 to the n 1 band are missing in the n 2 band leading to the corresponding increase of the decay rate in the n 2 band. Scattering from the n 2 state into the bulk and intraband scattering is not significantly affected by Cu adatoms. The strong rise of the decay rate near the n 2 band bottom for the surface with adatoms is not found in the interband-scattering rate. A possible explanation is trapping of the slow electrons in an adsorbate resonance [15] and subsequent scattering into bulk states. The scattering processes introduced in Figs. 3 and 4 can be quantified by plotting the scattering rates as a function of Cu coverage. The data for the interbandscattering rates are shown in the top panel of Fig. 5 [16] . The resonant scattering rate 21 increases strongly with Cu coverage implying that this process is caused by the Cu adatoms on the surface. In the relevant coverage range the surface shows individual adatoms [12] and the scattering cross section grows in proportion to the density of scatterers. The total resonant interband-scattering rate (filled diamonds) at zero coverage is slightly higher than the inelastic interband-scattering rate ÿ 21 , most likely due to residual defects and steps on the clean surface. ÿ 21 shows no significant dependence on Cu coverage indicating that the underlying process is not much influenced by adatoms [17] .
Resonantly scattered ( 21 ) electrons could relax by intraband scattering (ÿ 11 ) down the n 1 band and contribute to the long-lived component observed at the n 1 band bottom as proposed by Berthold et al. [6] . These electrons would be included in the measured interbandscattering rate ÿ 21 . Since 21 grows strongly with Cu coverage, this contribution to ÿ 21 would increase also with Cu coverage in contrast to the observation in Fig. 5 [17] . Inelastic interband scattering from the n 2 to the n 1 band must then be dominated by the interaction of the electrons in the n 2 state with the underlying electron system in the bulk. These arguments are supported by the excellent agreement for ÿ 21 with theoretical calculations [5] in Table I and the discrepancy to the previous estimate from experiment [6] .
All elastic scattering processes have to be bidirectional. Thus for higher energies, scattering from the n 1 to the n 2 band should occur with rate 12 21 . The corresponding term has been included in the modeling of the time-resolved data [13] . However, the low rate and the rapidly decaying n 1 population prohibits a direct detection of this process in the n 1 or n 2 signal.
The total decay rate ÿ tot 1 E 1 at the n 1 band bottom grows linearly with adatom coverage (bottom panel of Fig. 5, filled circles) and is the sum of the inelastic decay rate ÿ 1b and the elastic scattering rate 1b : ÿ tot 1 E 1 ÿ 1b 1b . In both cases the electrons are scattered to bulk bands. The total scattering rate ÿ tot 2 E 2 for the n 2 band (squares in bottom panel of Fig. 5 ) contains additional inelastic and elastic interband-scattering terms: ÿ tot 2 E 2 ÿ 2b 2b ÿ 21 21 . ÿ 21 and 21 were determined independently from the measurements of the scattered components on the n 1 band (Fig. 4) . The experiments showed that ÿ 21 is independent of coverage and 21 is proportional to the adatom concentration. Lacking any information on the final state in the bulk or at the adatoms we assume that the inelastic decay rates ÿ nb are independent of coverage and the coverage dependence is attributed to the elastic decay rates nb . Note that inelastic and elastic processes are treated also with different models in theoretical calculations [5, 15] . The elastic intraband-scattering 11 sketched in Fig. 1 does not lead to a decrease of the population in the n 1 band and can therefore not be observed in time-resolved 2PPE experiments. In addition to the decay rate ÿ tot 1 the loss of phase coherence in the scattering process leads also to an increase of the linewidth [7, 18] . From a careful analysis of the linewidth as function of delay [19] we obtain a value 11 31 6 meV for 1% ML Cu at E 1 500 meV. Note that this is a total rate which is most likely dominated by small angle scattering [15] and not by backscattering as conveniently sketched in Fig. 1 .
The experimental scattering rates are collected in Table I . The inelastic scattering rates ÿ are given for the clean surface in agreement with the values obtained with adatoms. The elastic scattering rates were determined from the slopes of the linear fits in Fig. 5 and are given for a coverage of 1% ML Cu. The agreement with the theoretical calculations for inelastic decay at the clean surface [5] is excellent and constitutes a significant improvement over previous studies [3, 6, 8] due to improved surface preparation. The main result of this work is the quantitative evaluation of the elastic scattering rates . A detailed theoretical study [15] calculated elastic scattering rates for Cs, Ar, and a model electronegative adsorbate. In view of the lowering of the work function by the Cu adatoms [7] a comparison with the calculations for Cs seems sensible. The scattering rates for Cs are much higher than measured for Cu, which can be attributed to the much higher surface dipole and consequently scattering potential for Cs than for Cu. Our data confirm, however, one of the main conclusions of Ref. [15] supported by results for Cs on Cu surfaces [20] : when resonant, elastic scattering is possible, it occurs at a high rate.
To summarize, inelastic processes are due to interaction with electrons in the bulk or at the surface and are not influenced significantly by adatoms. An electron scattered by an Cu adatom typically does not lose energy, i.e., scattering processes in which adatoms are involved are predominantly quasielastic. However, quasielastic, resonant interband-scattering couples surface and bulk states and leads to a sizable depopulation already at low adsorbate coverage. For the scenario of a surface covered with various reaction constituents these processes may dominate charge transfer.
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